Intravenous bisphosphonates are widely used to treat osteoporosis and bone metastasis in cancer patients The risk of hypocalcaemia is a rare but underestimated side effect of anti-resorptive treatment. Clinically apparent hypocalcaemia is mostly related to high-dose treatment with zoledronate and denosumab in cancer patients Particular caution is mandatory in all malnourished patients and patients with renal failure who are treated for either bone metastases or osteoporosis. To avoid serious hypocalcaemia, pre-treatment calcium and vitamin D status should be assessed and corrected if appropriate.
Introduction
Anti-resorptive drugs (i.e., bisphosphonates and denosumab) are frequently used in patients with advanced cancer and osteoporosis to reduce the incidence of skeletalrelated events. Until now anti-resorptive drugs were the mainstay first line therapy for reducing fracture risk in patients with osteoporosis [1] . Prolonged administration of these bone modifying agents in patients with advanced malignancy is generally well tolerated. Intravenous bisphosphonates (such as zoledronate) and denosumab are characterised by rapid and effective suppression of osteoclastic bone resorption [2] . Due to sustained anti-resorptive effect [3] resulting in a shift of calcium back into the skeleton in patients with high bone turnover (such as in osteolytic bone metastases) patients may be at risk of developing severe hypocalcaemia [4] . Also the use of denosumab is associated with significantly increased risk of developing high-grade hypocalcaemia in comparison to the controls. The incidence of hypocalcaemia after high dose denosumab varies between 5.2% and 13% [5] [6] [7] . Especially malnourished patients with renal failure are at a higher risk for clinically symptomatic side effects due to insufficient mechanisms to compensate for a state of relative hypocalcaemia, such as vitamin D deficiency or hypomagnesaemia [8, 9] . Herein, we describe six patient cases admitted to our inpatient medical wards with severe symptomatic hypocalcaemia, and present an overview of the literature and recommendations for appropriate treatment.
Case reports

Case 1
An 82-year-old man with adenocarcinoma of the prostate and osteoblastic metastases presented with confusion, tiredness, dizziness with recurrent falls and occasional mild paraesthesia in arms and legs as well as muscle weakness. The patient had received the most recent bisphosphonate infusion (IV zolendronate, 4 mg) 11 days prior to admission. The cancer treatment consisted of an anti-androgen therapy with leuprorelin every six months with the last administration three months prior to admission. On admission, the albumin-corrected plasma calcium (Ca corr ) was not measurable (below 1.57 mmol/l; norm, 2.15-2.55 mmol/l), magnesium (Mg) was 0.63 mmol/l (norm, 0.74-0.99 mmol/l), intact PTH (iPTH) was 257 ng/l (norm, 10-73 ng/l), 25-OH-Vitamin D3 (VitD3) was 30.8 nmol/l (norm, 50-75 nmol/l). The nutrional risk score (NRS) was 5 points. The treatment was started with two vials of calcium gluconate 1.375 mg as well as a supplementation of MgSO4 (2 g) and 300,000 units of vitamin D3. In the following days, the patient received calcium (both IV and orally) and calcitriol. The patient was discharged asymptomatic, with a Ca corr of 1.85 mmol/l and an ionised calcium level of 0.83 mmol/l. One month later, Ca corr had returned to normal (2.20 mmol/l).
Case 2
An 86-year-old man with adenocarcinoma of the prostate and diffusely spread osteoblastic metastases presented with acute increasing paraparesis progressing to paraplegia of the lower extremities. Isolated muscle testing showed M0 in all muscles, and the Babinski reflex was bilaterally positive. The patient had received bisphosphonate treatment (IV zolendronate, 4 mg) 6 days prior to admission; the cancer treatment consisted of an anti-androgen therapy with bicalutamide and leuprorelin subcutaneously. He had received leuprorelin two days prior to admission. On admission, Ca corr was 1.85 mmol/l, Mg 0.85 mmol/l, iPTH 408 ng/l, VitD3 32 nmol/l, and albumin was 32 g/l. NRS was 4 points. Plasma calcium level increased slowly despite a highly dosed calcium substitution and calcitriol administration. The patient was discharged asymptomatic with a serum Ca corr of 2.26 mmol/l.
Case 3
A 40-year-old man suffered from gastric cancer with pericardial and osteoblastic bone metastases. He presented with joint pain in feet and knees and paraesthesia in both hands and feet. Eight days prior to admission he had received a bisphosphonate therapy (IV zolendronate, 4 mg), chemotherapy with EOX (epirubicin, oxaliplatin, capecetabine) had been stopped three weeks earlier. On admission, Ca corr was 1.74 mmol/l, iPTH 383 ng/l, VitD3 <10 nmol/l, and albumin was 28.1 g/l. NRS was 2 points. He received calcium supplements and calcitriol. The patient responded well to treatment and was discharged with a plasma calcium of 1.86 mmol/l. 
Case 4
A 61-year-old man with prostate adenocarcinoma and diffuse osteoblastic metastases was admitted to the hospital with leg weakness and dizziness. Muscle tendon reflexes were diminished, the Babinski reflex was positive. Cancer treatment consisted of anti-androgen therapy with leuprorelin and cabazitaxel. The bisphosphonate infusion, which he had received monthly for the past 17 months, had been stopped 2 months prior to admission; Calcium was 1.59 mmol/l, Ca corr 1.84 mmol/l, iPTH 1441 ng/l. Severe vitamin D deficiency (10.7 nmol/l) was discovered. Mg was 0.78 mmol/l, albumin 30 g/l. Nutritional Risk Score (NRS) was 2 points. Vitamin D3 was substituted with 300,000 U. Treatment consisted of calcium supplementation with 1 g calcium carbonate three times a day and 3 μg calcitriol per day. Mg supplements were given from day four on. Hypocalcaemia resolved within two days, and the patient was released without any symptoms with Ca corr of 2.44 mmol/l.
Case 5
A 77-year-old patient with osteoporosis presented with a fine bilateral tremor and restlessness. Bisphosphonate therapy (IV zolendronate, 4 mg) consisted of one infusion six days prior to admittance. On admission, plasma calcium was 1.65 mmol/l, Ca corr 1.72 mmol/l, Mg 0.87 mmol/l, iPTH was not measured, VitD3 was 77.2 nmol/, and albumin was 37.3 g/l. NRS was 0 points. Hypocalcaemia treatment consisted of one dose of cholecalciferol 800 U and calcium carbonate 2.5 g. One day after admission, 1 g calcium carbonate three times per day, 0.5 μg Calcitriol per day and 2 sachets of Mg (12.4 mmol) per day were started. This supplementation was stopped on day 6. At that point, Ca corr was 2.91 mmol/l and ionised plasma calcium was 1.41 mmol/l (not shown in table 1). Hypercalcaemia resolved within three days and was stable until discharge.
Case 6
A 55-year old patient with osteoporosis was admitted to the hospital unable to intake food orally because of vomiting and severe abdominal pain. She had had laparoscopic gastric bypass surgery one year before with multiple complications requiring several surgical revisions. Bisphosphonate treatment (IV zolendronate, 5 mg) had been given once four days before admission. She also suffered from a small bowel obstruction and needed surgery three days after admission. Over 8 days she had parenteral nutrition. On admission, Ca corr was 1.77 mmol/l, Mg 0.86 mmol/l, iPTH was not measured, VitD3 was 99.1 nmol/l, P04 was 0.52 mmol/l. NRS was 5 points. Treatment consisted of intravenous supplementation of calcium and magnesium. The patient was discharged without a supplementation of calcium. It is not clear when serum calcium returned to normal range, but three months later, a normal Ca corr of 2.34 mmol/l was measured while hypomagnesaemia persisted.
Discussion
Symptoms of hypocalcaemia can substantially impair wellbeing of patients and can be even life-threatening. These six cases illustrate the clinically relevant consequences and therapeutic challenges of hypocalcaemia in patients receiving IV bisphosphonates. Obviously, in our clinical routine, not enough emphasis is given to avoid this preventable problem despite this side effect being described in the directions of use and in numerous case reports, both in osteoporosis and in patients with metastatic bone disease [4, [10] [11] [12] [13] [14] . Furthermore, none of these patients has been informed about the possible risks and clinical symptoms of impending hypocalcaemia. Hypocalcaemia after bisphosphonate administration is usually mild and transient, but in Increased deposition of calcium and phosphate in bone through osteoblastic metastases is postulated, which leads to decreased calcium and phosphate which stimulates PTH secretion and leads to secondary hyperparathyroidism. The application of bisphosphonates leads to further lowering of Ca and thus stimulates secondary hyperparathyroidism.
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and vitamin D supplementation in patients receiving intravenous bisphosphonates has not been included in standard care protocols in oncology departments for a long time but is now recommended at our institution and elsewhere [21, 22] .
Bisphosphonates interact with bone remodeling in several ways. Bisphosphonates bind to hydroxylapatite in the bone, which is taken up by the osteoclasts and in this way hinder them in their attachment to bone. They affect the osteoclast mediated bone resorption in a variety of ways that include effects on osteoclasts recruitment, differentiation and resorptive activity, life span and may also affect osteoclast morphology and cause osteoclast apoptosis in vitro [23] .
Osteoclasts are indirectly inhibited through reduction of the osteoclast stimulating activity of osteoblasts [24] . It is well-known that bisphosphonate-induced inhibition of osteoclasts diminishes calcium mobilisation, which leads to hypocalcaemia, but it is also assumed that bisphosphonates can cause a shift of calcium into the bone if large populations of osteoblasts exist, as in osteoblastic metastases [4, 15] .
Osteoblastic metastases (such as in prostate cancer) are known to undergo avid mineralisation and calcium uptake resulting in hypocalcaemia. The effect of bisphosphonates on osteoblasts is not completely clarified. Laboratory studies demonstrate that bisphosphonates increase osteoblast and osteoblastic metastases maturation, activity and bone mineralisation. This could lead to a syndrome similar to hungry bone. This interesting hypothesis needs to be confirmed by further studies. It is also inconclusive whether the number and nature/type of metastases are predictors of bisphosphonate-induced hypocalcaemia [4, 15] . Increased deposition of calcium and phosphate in bone through osteoblastic metastases is postulated, which leads to decreased calcium and phosphate which stimulates PTH secretion and leads to secondary hyperparathyroidism. The application of bisphosphonates leads to further lowering of Ca and thus stimulates secondary hyperparathyroidism ( fig. 1 ). Mild secondary hyperparathyroidism after infusion of zoledronic acid is often observed, possibly as a compensatory mechanism to maintain normocalcaemia [25, 26] , and most patients do not become overtly hypocalcaemic. This increase in parathyroid hormone prevents hypocalcaemia by renal reabsorption of calcium, increased vitamin D production, and stimulation of osteoclasts to resorb bone [24] . For patients taking bisphosphonates, the effect of PTH on bone resorption by osteoclasts is blocked especially in patients with co-existing magnesium or vitamin D deficiency, respectively [27] . Black et al. found that in osteoporotic patients, hypocalcaemia occured 9-11 days after the first infusion of onceyearly zoledronic acid (5 mg). All reported events were transient and asymptomatic [28] . In our cases (most of them were cancer patients), hypocalcaemia occured slightly earlier between the 4th and 11th day after the most recent bisphosphonate dose. Time for correction of hypocalcaemia varied, ranging from 2-4 days (case 2, 4 and 5) to 21 days (case 1) and 42 days (case 3). In case 6, calcium could not be corrected during hospitalisation ( fig. 2 ).
In cases 1-4, severe hypocalcaemia was attributed to bisphosphonate therapy in patients with osteoblastic metastases. In the fourth case, however, hypocalcaemia resolved faster because the infusion of bisphosphonate two months earlier had been combined with an excellent PTH response without severe magnesium deficiency. Hypomagnesaemia, malnutrition, and in case 1 impaired renal function, promoted hypocalcaemia by impaired physiological correcting mechanisms.
With the exception of case 5 and 6, all of our patients had secondary hyperparathyroidism that was most likely due to vitamin D deficiency.
As we illustrated in case 5, hypocalcaemia can develop despite a prophylactic supplementation with calcium and vitamin D and dose adjusted bisphosphonate treatment [26] . This was also shown in a study by Chennuru et al. that included 120 patients with multiple myeloma and other tumours. In total, 42 patients (35%) had hypocalcaemia with ten patients (8%) showing symptoms [8] . In our case five had neither malnutrition nor vitamin D deficiency nor hypomagnesaemia, which may explain why therapeutic measures to correct hypocalcaemia lead to hypercalcaemia after six days. Taken together, we document that patients with bone metastases, especially osteoblastic metastases, osteoporosis and after bariatric surgery are at risk for life-threatening hypocalcaemia, especially if bisphosphonates are applied in high dosages and if co-factors, such as renal insufficiency, malnutrition, vitamin D or magnesium deficiency, are present [18] . As illustrated above, all of our patients had underlying conditions that impaired the homeostatic response to bisphosphonates and contributed to hypocalcaemia. Symptomatic patients and asymptomatic patients with a corrected serum calcium below 2.0 mmol/l should initially be treated with calcium gluconate IV (table 2) . Oral calcium supplements should also be given and calcitriol and magnesium should be added if needed [29] . According to the recommendations given in the summary of product characteristics and based on these severe clinical observations, it is prudent to measure vitamin D3 and calcium before starting treatment with bisphosphonates in patients with a high-risk of developing symptomatic hypocalcaemia. Furthermore, high-risk patients should be monitored closely after initiation of bisphosphonate treatment to detect and correct bisphosphonate-induced hypocalcaemia. Contributing factors and comorbidities augmenting the risk should be assessed carefully before initiating bisphosphonates treatment and corrected appropriately (table 3) . This is mandatory in all patients with metastatic cancer receiving higher dosage of bisphosphonates and denosumab. There is no evidence-based recommendation on time intervals for monitoring electrolyte imbalances during bisphosphonate treatment [30, 31] . Berenson et al. recommend checking calcium, sodium, potassium, phosphate, and magnesium at least every three months, and if patients are symptomatic and renal insufficiency is present, monthly [32] . In our experience, the first check should be done earlier, i.e., one week after bisphosphonate therapy, since our patients became hypocalcaemic usually after seven days.
Regular calcium and vitamin D supplementation before and during bisphosphonate treatment should be assured, if no contraindications are present [8, 33, 34] . Patients should have minimum enteral doses of 1'200 mg of calcium and 800 IU of vitamin D or corresponding supplements [35] . Furthermore, we recommend monitoring the nutritional status (e.g., by calculating the NRS) and to adequately correct malnutrition, since special attention with bisphosphonate treatment should be taken in malnourished patients, as it has been illustrated in case 1, 2 and 6 (table  4) . Although the problem of hypocalcaemia is allegedly known, the high frequency of severe electrolyte imbalance presenting in a short time period to our clinic was worrisome. It is tempting to speculate that this might be similar at other institutions. The clinical risk of bisphosphonate use in regard to hypocalcaemia seems to be underestimated by physicians but will likely become increasingly important since it is widely used due to the increasing rate of advanced malignancy. The risk of hypocalcaemia is mentioned in the section warning and precautions in the prescribing information of bisphosphonates and denosumab.
Under consideration of the increasing use of bisphosphonates and denosumab and the published case reports in the literature it must be given more attention. A more careful monitoring of these patients may lead to the prevention of long and expensive hospitalisations and preservation of quality of life in these patients with only limited expectancy of life.
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Figure 1
Increased deposition of calcium and phosphate in bone through osteoblastic metastases is postulated, which leads to decreased calcium and phosphate which stimulates PTH secretion and leads to secondary hyperparathyroidism. The application of bisphosphonates leads to further lowering of Ca and thus stimulates secondary hyperparathyroidism.
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